Dai Y, Jordan LM. Tetrodotoxin-, dihydropyridine-, and riluzoleresistant persistent inward current: novel sodium channels in rodent spinal neurons.
persistent inward currents PERSISTENT INWARD CURRENT (PIC) is conducted by voltagegated, slow-inactivating sodium and calcium channels (Heckman et al. 2008) . The sodium component of PIC (Na-PIC) is tetrodotoxin (TTX) sensitive, and the calcium component of PIC (Ca-PIC) is dihydropyridine (DHP) sensitive. In a series of studies for characterization of spinal interneurons activated by locomotor activity (Dai et al. 2009a; Jordan 2010a, 2010b) , we demonstrated the coexistence of Na-and Ca-PICs in these neurons through bath administration of TTX and/or DHP (Dai et al. 2010a ). However, our results also indicated that TTX and DHP did not completely block the PIC in some neurons, suggesting an existence of a new component of PIC, the TTX-and DHP-resistant PIC (TDR-PIC), in spinal neurons (Dai and Jordan 2007) . Recently, we investigated the TTX-and DHP-resistant inward currents using two different voltage protocols (ramp and step) and further demonstrated that the TDR-PIC and TDR-I p (TDR currents induced by voltage steps) were calcium-dependent and mediated by sodium (Dai and Jordan 2008) . Our studies implicated novel sodium channels in spinal neurons. However, many details of these currents still remain unknown.
The purpose of this study is to characterize the TDR-PIC and TDR-I p in rodent spinal neurons, focusing on the following five issues. First, although Ca-PIC (L-type) has been removed from TDR-PIC by DHP, it is unclear whether other voltagegated calcium currents (T-, N-, P/Q-, or R-type), which have been shown to be expressed in rodent spinal and brain stem neurons (Carlin et al. 2000a; Powers and Binder 2003) , could also contribute to TDR-PIC. Second, the TTX-resistant sodium channels (TTX-R I Na ) include a broad subfamily (Na v 1.5, Na v 1.8, and Na v 1.9) and have been shown to be widely expressed in PNS sensory neurons (Catterall et al. 2005a; Gold 1999; Goldin 2001) . Although there is no evidence to show that these currents are also expressed in spinal motoneurons or interneurons in neonatal rats and mice, it is necessary for us to explore the difference and similarity in kinetics and pharmacological properties between TDR-I p and TTX-R I Na . Third, the calcium-activated nonspecific cation current (I CAN ) has been discovered in many types of cells, including rodent spinal and brain stem neurons (Crowder et al. 2007; Morisset and Nagy 1999; Pace et al. 2007; Partridge et al. 1994) . In mouse respiratory system, I CAN has been further shown to be conducted by TRPM4 and TRPM5 channels (Crowder et al. 2007) , two subfamilies of the transient receptor potential (TRP) ion channels (Clapham et al. 2001; Moran et al. 2004 ). TDR-PIC appears similar to I CAN in calcium-dependent and cation-mediated features but different in pharmacological and electrophysiological properties. These essential differences between TDR-PIC and I CAN have never been investigated. Fourth, riluzole has been widely used as a specific antagonist of Na-PIC in recent years (Bellingham 2011; Urbani and Belluzzi 2000) . Although Na-PIC is assumed to be removed from TDR-PIC by TTX, the sensitivity of TDR-PIC and TDR-I p to riluzole still remains unknown. Finally, it is important for us to determine the expression of TDR-PIC and TDR-I p in spinal neurons. An understanding of the morphology and distribution of these neurons in spinal cord could help us anatomically outline some functional organization of TDR-PIC and TDR-I p in the spinal motor system. In this study we demonstrated novel sodium currents that were resistant to TTX, DHP, and riluzole in rodent spinal neurons. Preliminary data have been published (Dai and Jordan 2007 , 2010c .
MATERIALS AND METHODS
The animal protocol was approved by the University of Manitoba Central Animal Care Services and conformed to the standards of the Canadian Council on Animal Care.
Preparation of Slices and Patch-Clamp Recordings
Experiments were carried out on neonatal cfos-EGFP mice [postnatal days 1-15 (P1-P15)] and Sprague-Dawley rats (P1-P5) in this study. In the experiment with cfos-EGFP mice, a locomotor task (swimming) was induced in the animals before preparation of slices. Details for inducing locomotion were described in our recent study (Dai et al. 2009a) . Briefly, the mice were held in place with a length of paper tape 1 cm wide and 8 cm long placed around the animal's thorax. The tape allowed the mice full range of motion in all limbs while allowing normal breathing. The ends of the tape were placed in a clamp attached to a calibrated microdrive. This device lowered the mice into the water bath and also tilted to allow the head of the mice to remain above the surface of the water at all times. The duration of the task remained for 60 to 90 min, and water temperature was maintained at 26 -30°C.
The procedure for the preparation of mouse or rat spinal cord slices was similar to that previously reported (Dai et al. 2009a (Dai et al. , 2009b . Briefly, the animals were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg). The spinal cords were then dissected. Slices were cut at thickness of 250 -300 m from T12 to L6 and remained in the recording artificial cerebrospinal fluid (aCSF) for at least 1 h before the patch-clamp recordings. The slices were then transferred to a recording chamber mounted in the stage of an upright Olympus BX50 microscope fitted with differential interference contrast (DIC) optics and epifluorescence. The chamber was perfused with recording aCSF bubbled with 95% O 2 and 5% CO 2 . In the experiments with cfos-EGFP mice, the enhanced green fluorescent protein (EGFP)-positive (EGFP ϩ ) neurons were identified at ϫ40 magnification using epifluorescence with a narrow band GFP cube. The neurons were then visualized using infrared cube and patched using glass pipette electrodes. In the experiments with neonatal rats, neurons were simply visualized with infrared cube and patched with glass pipette electrodes. The pipette electrodes were pulled from borosilicate glass (MTW 150F-4; WPI) using an electrode puller (P-87; Sutter Instrument) and had resistances of 4 -8 M⍀ when filled with intracellular solution. A MultiClamp 700A patch-clamp amplifier, Digidata 1322A analog-to-digital converter, Minidigi 1A, and pClamp (9.0) software (all from Molecular Device) were used for data acquisition. Data were low-pass filtered at 3 kHz and sampled at 10 kHz. Whole cell patch recordings were made in voltage-clamp mode with series resistance compensation (10 -30 M⍀) by 70 -80% and in current-clamp mode with bridge balance and capacitance compensation. The data were analyzed using the self-written codes with Igor Pro and Axon Clampfit (9.0). Student's t-test (paired) was performed with statistical significance defined as P Ͻ 0.05. Results are means Ϯ SD. All recordings were made at room temperature (20 -22°C).
Measurement of Inward Currents
The inward currents were recorded by two voltage-clamp protocols, a family of voltage bi-ramps, and a succession of voltage steps. For simplicity, we designated the inward current evoked by voltage ramps as PIC and by voltage steps as I p in this study. Details of measurement of PIC and I p were described in our previous studies (Dai et al. 2009b; Dai and Jordan 2010a) . Briefly, PIC was recorded by applying a family of slow voltage bi-ramps with a duration of 10, 20, or 40 s, a step of 20 or 30 mV, and a holding potential of Ϫ70 mV. The leak current was subtracted from the recordings before the biophysical parameters of PIC were calculated, including PIC amplitude, onset voltage (V o ), and peak voltage (V p ). The maximum ascending PIC induced by the family of 10-s voltage ramps was selected for calculation of PIC parameters. The rising phase of PIC was fitted by a double (or single for some neurons)-exponential function for estimation of time constant () of PIC activation and by the Boltzmann equation f(V) ϭ 1/{1 ϩ exp [(V mid Ϫ V)/V c ]} for determination of half-maximal activation (V mid ) and rate of activation (V c ) of PIC. Difference of PICs between conditions (control, drugs, washout, etc.) was calculated from the PICs evoked by the same slope of voltage ramp in each individual condition.
I p was recorded as activating and inactivating currents separately. The activating I p was recorded through a succession of 2-s voltage steps of 5 mV and a holding potential of Ϫ70 mV. The voltage step at which the first I p was elicited was defined as the voltage threshold (V th ) for I p . The amplitude of I p was measured from the maximal I p . The inactivating I p was recorded by a family of 100-ms prevoltage steps (5-mV step starting from Ϫ70 mV) followed by a 100-ms voltage pulse with an amplitude of Ϫ15-0 mV. The current and voltage relationships (I-V curves) were established from the activating and inactivating I p and were fitted by the Boltzmann equation to determine the kinetics of I p . Two series of time constants (activation and inactivation) were generated by fitting a single-exponential function to the rising (activation) and decaying (inactivation) phases of the activating I p traces. The final time constants for activation and inactivation of I p were defined as the mean values of the series.
During the experiment, the recording protocols were repeated three to five times in each condition (control, drugs, and washout, etc.) with 30 -60 s between two successive recordings and 1-5 min between two successive protocols. Normally recordings were made 2-8 min following drug application and repeated for 10 -15 min before switching to new conditions. The data were averaged from two to five trials for measurement of biophysical parameters. Recordings were made for one neuron per slice.
Space-Clamp Issues
Incomplete space clamp is a problem for almost all studies using whole cell patch-clamp techniques (Armstrong and Gilly 1992; Hodgkin and Huxley 1952; Rall and Segev 1985; Taylor et al. 1961) , especially to those studies using fresh slices or whole tissues in the recording. Any voltage-dependent current could be contaminated by the unclamped currents (Bar-Yehuda and Korngreen 2008) . Incidents of distortion of the inward currents by poor space clamp were observed in the present study. These included repetitive spikes (unclamped spikes) in one voltage step, delayed inward currents (longer time to reach peak), bumps and notches in the inward currents, and unchanged amplitude in subsequent one or more depolarizing steps. Recordings with any of these phenomena were excluded for calculation of PIC and I p parameters in this study.
Images of Labeled Cells
All cells recorded in this study were labeled with 0.5-1% Lucifer yellow in the recording pipettes. Slices were fixed for 2 h with 4% paraformaldehyde. They were then mounted on slides, allowed to air dry, and coverslipped with Vectashield mounting medium (Vector Laboratories H-1000). The slides were scanned and photographed with a Zeiss microscope (Axioskop 40). The cell images were used to study the morphology and laminar distribution of these cells.
Solutions and Chemicals
Extracellular solutions. The dissecting aCSF contained (in mM) 25 NaCl, 188 sucrose, 1.9 KCl, 1,2 NaH 2 PO 4 , 10 MgSO 4 , 26 NaHCO 3 , 1.0 CaCl 2 , 1.5 kynurenic acid, and 25 glucose. The recording aCSF contained (in mM) 130 NaCl, 3.0 KCl, 1.25 NaH 2 PO 4 , 1.25 MgCl 2 , 26 NaHCO 3 , 2.5 CaCl 2 , and 10 glucose. pH was adjusted to 7.3-7.4 with KOH when bubbled with 95% O 2 and 5% CO 2 . Osmolarity was adjusted to 310 -320 mosM by adding sucrose to the solution. In low-sodium (27.25 mM) aCSF, NaCl was replaced by the same amount of choline chloride in the recording aCSF, with other chemicals unchanged. The zero-sodium recording aCSF contained (in mM) 10 HEPES, 20 choline chloride, 110 tetraethylammonium (TEA)-Cl, 1 MgCl 2 , 0.2 CdCl 2 , and 2.5 BaCl 2 . pH was adjusted to 7.3-7.4 with CsOH, and osmolarity was adjusted to 310 -320 mosM with sucrose.
Intracellular solutions. The intracellular solution contained (in mM) 135 CsCl, 20 TEA-Cl, 5 MgCl 2 , 2 BAPTA, 10 HEPES, 5 Na 2 ATP, and 0.5 Na 3 GTP. High-BAPTA (10 and 30 mM) solutions were made with other chemicals unchanged. pH was adjusted to 7.3 with CsOH/HCl. Osmolarity was adjusted to 310 mosM by adding sucrose to the solution.
Blockers. Recordings were made with 2-amino-5-phosphovalerate (20 M), 6-cyano-7-nitroquinoxaline-2,3-dione (10 M), bicuculline (10 M), strychnine (10 or 1 M), TEA (10 mM), and 4-aminopyridine (4-AP; 5 mM) in the recording solutions. TTX (1-5 M) was used to block the TTX-sensitive sodium PIC, and 20 -30 M nifedipine, nimodipine, or isradipine was used to block the DHP-sensitive calcium PIC. For high-concentration nifedipine (Ͼ30 M), the chemical was prepared by making 1,000ϫ stock solution in DMSO immediately before diluting it into aCSF to minimize precipitation (Hirasawa and Pittman 2003) . The final concentration of DMSO was lower than 0.02% in the recording solutions. Riluzole (3-30 M) was used to block persistent sodium currents, and 50 -300 M flufenamic acid (FFA) was administered to block I CAN . Apamin (0.1-0.2 M) was applied to block the calcium-activated potassium current (SK current). All chemicals were purchased from Sigma-Aldrich unless otherwise noted.
Liquid junction potential. The liquid conjunction potential was calculated as 10.4 mV with pH value adjusted to 7.3 by KOH, osmolarity adjusted to 310 mosM by sucrose, and the presence of 10 mM TEA in the recording solution. This value was not corrected in this study, to make our data comparable to those from our previous study of PICs (Dai et al. 2009b; Dai and Jordan 2010a) .
RESULTS
We have demonstrated recently that PIC could be differentiated on the basis of sodium (Na-PIC) and calcium (Ca-PIC) components by bath administration of 1-5 M TTX or 20 -30 M DHP in spinal neurons (Dai et al. 2010a ). However, our results also implicated the existence of a new component of PIC that was resistant to the TTX and DHP Jordan 2007, 2008) . In this study we have characterized this current in detail with its pharmacological and electrophysiological properties. PIC and I p recorded with 1-5 M TTX and 20 -30 M DHP are designated as TTX-and DHP-resistant PIC and I p , respectively, or simply TDR-PIC and TDR-I p .
TTX-and DHP-Resistant PIC and I p
The TTX-and DHP-resistant PIC (TDR-PIC) was first observed in our experiments for differentiation of PIC in cfos-EGFP ϩ neurons. It is generally accepted that PIC is mediated by TTX-sensitive sodium currents and DHP-sensitive calcium currents in spinal neurons (Heckman et al. 2008) . It was demonstrated in our recent study that the composite PIC could be reduced by bath application of either TTX (1-5 M) or DHP (20 -30 M nifedipine, nimodipine, or isradipine) in cfos-EGFP ϩ neurons (Dai and Jordan. 2010a ). However, PIC still persisted in the presence of TTX and DHP in some of these neurons, suggesting that there was a new component of PIC, the TDR-PIC, in spinal neurons. Figure 1 shows two examples of TDR-PIC and TDR-I p recorded in an EGFP ϩ (A) and EGFP Ϫ neuron (B) with reverse sequence of TTX and DHP application. Bath application of TTX and DHP (nimodipine or nifedipine) reduced the amplitudes of PIC (Fig. 1, A1 and B1) and I p (Fig. 1, A2 and B2) and depolarized the onset of PIC (Fig. 1, A1 and B1) and V th of I p (Fig. 1, A2 and B2) 
Kinetics of TDR-PIC and TDR-I p
We measured the biophysical parameters and calculated kinetics of TDR-PIC and TDR-I p in this study. Similar to the results shown in Fig. 1 , bath application of nifedipine (20 -50 M) and TTX (1-5 M) reduced the PIC amplitude and depolarized the PIC onset (Fig. 2A1) . The difference in amplitude and onset of PICs with TTX and/or DHP reflected the different kinetics of composite, Na-, and TDR-PICs (Fig. 2A2) . It was shown in our recent study (Dai et al. 2010a ) that composite PIC activated at the lowest voltage (Ϫ56.7 Ϯ 8 mV), followed by Na-PIC (Ϫ46.8 Ϯ 16 mV) and Ca-PIC (Ϫ40.2 Ϯ 19 mV). In the present study we added TDR-PIC to this family of PICs (closed triangles in Fig. 2A2 ). Statistical results showed that TDR-PIC activated at Ϫ28.6 Ϯ 13 mV with an amplitude of 80.6 Ϯ 75 mV and peak voltage of 3.8 Ϯ 22 mV (n ϭ 75). Kinetics of TDR-PIC determined by the Boltzmann function (n ϭ 31) indicated that the half-maximal activation of TDR-PIC was Ϫ11.7 Ϯ 7 mV, the activation rate was 4.4 Ϯ 2 mV, and the time constant was 470.6 Ϯ 240 ms ( Fig. 2C1 and Table 1 ). To quantitatively compare the relative magnitudes of the PIC components, we measured PICs from individual neurons recorded with successive bath application of 1-5 M TTX and 20 -30 M DHP (or reverse sequence of TTX and DHP administration). Statistical results from nine neurons showed that the TDR-PIC (Ϫ57.3 Ϯ 27 pA) accounted for ϳ35% of the composite PIC (Ϫ163.1 Ϯ 63 pA), whereas the Ca-PIC (Ϫ61.4 Ϯ 25 pA) and Na-PIC (Ϫ44.5 Ϯ 21 pA) accounted for ϳ38% and ϳ27% of composite PIC, respectively. The onset voltages were measured as Ϫ59.6 Ϯ 4, Ϫ57.4 Ϯ 4, Ϫ41.4 Ϯ 2, and Ϫ35.6 Ϯ 8 mV for the composite, Na-, Ca-, and TDR-PICs, respectively (see Table 2 for detail). The TDR-PIC appeared to be larger than the Na-PIC and almost the same as the Ca-PIC in these neurons, suggesting that this current may play a functional role in spinal motor system.
The kinetics of TDR-I p were calculated from the Boltzmann function fitted by the recordings from activation (Fig. 2B1, top) and inactivation currents (Fig. 2B1 , bottom) and are described in the normalized I-V curves (Fig. 2B2) . Statistical results indicated that the V th for TDR-I p was Ϫ17.0 Ϯ 9 mV and the amplitude was 151.2 Ϯ 151 pA (n ϭ 54). The half-maximal activation of TDR-I p was Ϫ21.5 Ϯ 8 mV (n ϭ 29) with an activation rate of 4.4 Ϯ 1 mV (filled circles in Fig. 2C2 ) and a time constant of 5.2 Ϯ 2 ms (n ϭ 19). The half-maximal inactivation of TDR-I p was Ϫ26.9 Ϯ 9 mV (n ϭ 14) with an inactivation rate of Ϫ7.9 Ϯ 2 mV (open circles in Fig. 2C2 ) and a time constant of 1,388.6 Ϯ 433 ms (n ϭ 19). Details of these properties are shown in Table 1 . These data described the general properties of TDR-PIC and TDR-I p in spinal neurons of neonatal mice. To further explore the kinetics of TDR-I p , we analyzed the distribution of its parameters. A broad distribution was uncovered in these parameters (Fig. 2, D and E) . The half-maximal activation was distributed between Ϫ40 and Ϫ10 mV ( Fig. 2D1 ) with the time constant ranging from 1.0 to 12 ms (Fig. 2D2) , whereas the half-maximal inactivation fell into the range between Ϫ40 and Ϫ15 mV (Fig. 2E1 ) with the time constant ranging from 0.5 to 2.5 s (Fig. 2E2) . However, most of the neurons also showed a concentrated distribution of TDR-I p kinetics within a certain range of membrane potential and time course. The half-maximal activation between Ϫ30 and Ϫ15 mV was shown in more than 68% of the neurons (n ϭ 29, shaded bars in Fig. 2D1 ), whereas the half-maximal inactivation between Ϫ35 and Ϫ20 mV was observed in 78% of the neurons (n ϭ 14, shaded bars in Fig. 2E1 ). The time constant of activation ranging from 2.0 to 10 ms was found in 79% of the neurons (n ϭ 19, shaded bars in Fig. 2D2 ), whereas the time constant of inactivation between 1.0 and 2.0 s was seen in 73% of the neurons (n ϭ 19, shaded bars in Fig. 2E2 ). The wide distribution of TDR-I p parameters suggested that this current was expressed in heterogeneous population of neurons recorded in this study. For clarity, the TDR current recorded by voltage-ramp protocol is denoted as TDR-PIC and that by voltage-step protocol as TDR-I p in this study. A: PIC was measured as 113.9 pA with onset of Ϫ58.3 mV in control (A1), whereas the first elicited I p (peak) was measured as 239.7 pA with a voltage threshold (V th ) of Ϫ35 mV (single asterisk, A2). Bath application of 30 M nimodipine reduced amplitudes of PIC by 19.1 pA (A1) and I P by 20.6 pA (double asterisks, middle, A2) and depolarized the onset of PIC by 2.7 mV (A1) and V th of I p by 5 mV (double asterisks, A2). After bath application of 5 M TTX, the PIC was further reduced by 15.8 pA with 14.6-mV depolarization of onset. The transient spikes were completely blocked from I p , and V th for the first I P was further depolarized by 20 mV. However, TDR-PIC and TDR-I p still persisted in the presence of TTX and nimodipine in this neuron. B: a similar recording was made in an EGFP Ϫ neuron with reverse sequence of TTX and DHP application. In control, PIC was measured as 150.3 pA with onset of Ϫ56.2 mV (B1), whereas the first elicited I p was calculated as 145.6 pA with V th of Ϫ30 mV (single asterisk, B2). Unclamped spikes were elicited in this neuron in control (B1 and top, B2) and were blocked by TTX (B1 and middle, B2). Bath administration of 5 M TTX reduced the amplitudes of PIC by 30.2 pA (B1) and I p by 95.3 pA (double asterisks, B2) and depolarized the onset of PIC by 24.4 mV (B1) and V th of I p by 10 mV (double asterisks, B2). The PIC and I p were further reduced in amplitudes (60.6 pA in PIC and 8.1 pA in I p ) and depolarized in activation voltages (8.5-mV increase in PIC onset and 5 mV in I p V th ) following bath administration of 40 M nifedipine. TDR-PIC and TDR-I p persisted with TTX and nifedipine in this neuron.
TDR-PIC Induced by Varying Duration and Slope of Voltage Ramps
We demonstrated recently that the composite PIC could be classified as ascending (a-PIC), descending (d-PIC), and single PIC (s-PIC, crossing both phases of the bi-ramp) in cfos-EGFP ϩ neurons (Dai and Jordan 2010a) . We also showed that the s-PIC had three patterns (symmetric, left centered, and right centered) that generated different hysteresis of the PICs. In this study we ask if TDR-PIC has the same trajectory property as the composite PIC. To answer this question, we generated three different protocols for the family of voltage bi-ramps. These protocols had the same holding potential of Ϫ70 mV and step of 20 mV but different durations of 10, 20, and 40 s (see bottom traces in Fig. 3 ). TDR-PIC was induced by applying these protocols to the same neurons, respectively. Examples of three cells recorded with 2 M TTX and 25-30 M nifedipine are shown in Fig. 3 . Similar to our previous observation, the a-PIC, d-PIC, and s-PIC were all demonstrated in TDR-PIC. Although the three protocols were different in duration and slope, the TDR-PICs induced by them were generally similar in shape and onset in the same cells (Fig. 3 , A1-A3, B1-B3, and C1-C3). These results suggested that the onset rather than the slope determined the induction of TDR-PIC (see the onsets of TDR-PIC in Fig. 3C as an example). A: PICs were differentiated in 3 recording conditions: control for composite PIC, bath application of 50 M nifedipine for Na-PIC, and bath application of 5 M TTX and 50 M nifedipine for TDR-PIC (A1). The amplitudes were measured as 95.4 pA for composite PIC, 51.7 pA for Na-PIC, and 28.8 pA for TDR-PIC. PIC traces were fitted by the Boltzmann function, and the kinetics parameters were determined for the PICs. The half-maximal activation (V mid ) and activation rate (V c ) were calculated as Ϫ26.7 and 7.6 mV for composite PIC (open circles, A2), Ϫ21.4 and 7.1 mV for Na-PIC (filled circles, A2), and Ϫ16.4 and 6.8 mV for TDR-PIC (filled triangles, A2), respectively, in this neuron. B: voltage-step protocols (insets in B1) were applied to the same neuron to generate activation (top, B1) and inactivation currents (bottom, B1) of TDR-I p with 5 M TTX and 50 M nifedipine (see MATERIALS AND METHODS for details). Kinetics parameters were calculated from Boltzmann functions. V mid and V c were measured as Ϫ23.1 and 6.3 mV for activation (filled circles, B2) and Ϫ25.1 and Ϫ5.8 mV for inactivation (open circles, B2), respectively. The time constants were determined by fitting a single-exponential function to the rising phase (activation) and decaying phase (inactivation) of the TDR-I p traces in all steps. The mean values of the time constants were calculated (not shown). C: statistical results are shown for voltage dependency of TDR-PIC (C1) and TDR-I p (C2). Data are plotted as mean values with SE. V mid and V c of TDR-PIC were Ϫ11.7 Ϯ 7 and 4.4 Ϯ 2 mV, respectively (n ϭ 31), whereas V mid and V c of TDR-I p were Ϫ21.5 Ϯ 8 and 4.4 Ϯ 1 mV for activation (filled circles in C2, n ϭ 29) and Ϫ26.9 Ϯ 9 and Ϫ7.9 Ϯ 2 mV for inactivation (open circles in C2, n ϭ 14), respectively. The time constants of activation and inactivation were calculated as 5.2 Ϯ 2 ms (n ϭ 19) and 1,388.6 Ϯ 433 ms (n ϭ 19), respectively. D: the kinetics parameters of TDR-I p exhibited a wide range of distribution in membrane potential and time course. Variable kinetics of TDR-I p were observed in activation voltage (D1) and time constant (D2). V mid of activation ranged from Ϫ40 to Ϫ10 mV (n ϭ 29) with time constant from 1 to 12 ms (n ϭ 19). E: similar results are also shown in the inactivation voltage (E1) and time constant (E2) of TDR-I p . V mid of inactivation fell between Ϫ40 and Ϫ15 mV (n ϭ 14) with time constant from 0.5 to 2.5 s (n ϭ 19). Shaded bars in D and E show concentrated distributions in most (Ͼ70%) of the neurons.
The s-PIC exhibited in all three cells with all three protocols. This single TDR-PIC was induced normally by the fourth ramp (traces d in Fig. 3 , A-C). In a few cases, however, they could be also induced by the second (trace c in Fig. 3B3 (Table 3 ). The single TDR-PIC was observed in 94% of the neurons recorded with the 10-s protocol (17/18), 87% with the 20-s protocol (14/16), and 85% with the 40-s protocol (7/8; see Table 3 for detail). These results are consistent with our recent report for PICs in cfos-EGFP ϩ neurons (Dai and Jordan, 2010a) .
TDR-PIC Was Not Conducted by Voltage-Gated Calcium Channels
Although the calcium component of PIC (i.e., L-type calcium current) has been removed from TDR-PIC by DHP, it is unclear whether other voltage-gated calcium currents could contribute to the TDR-PIC. Voltage-gated calcium currents include 10 subfamilies with different kinetics and pharmacological properties (Catterall 2000b) . L-type calcium currents (Ca-PIC) are mediated by four subfamilies from Ca v 1.1 to Ca v 1.4, which are all sensitive to dihydropyridines and cadmium, a nonselective calcium blocker (Catterall et al. 2005b ). Ca v 1.2 and Ca v 1.3 have been found in rodent spinal motoneurons (Carlin et al. 2000a; Jiang et al. 1999; Westenbroek et al. 1998) and are mainly responsible for plateau potential and bistable firing (Bennett et al. 2001; Carlin et al. 2000b; Lee and Heckman 1998; Li and Bennett 2003; Li et al. 2004) . Although L-type calcium currents dominated the PIC in these neurons, other type of calcium currents (T-, P/Q-, N-, or R-types) also accounted for a certain portion of the PIC, depending on the type of neuron (Carlin et al. 2000a; Powers and Binder 2003) .
Considering these reports, we asked whether TDR-PIC was simply mediated by mixed calcium currents insensitive to TTX and DHP. To address this issue, we tested TDR-PIC with calcium channel blockers nickel (20 -25 M, n ϭ 4), -conotoxin GVIA (3.5-7 M, n ϭ 2), -agatoxin IVA (0.5-2.0 M, n ϭ 3), and cadmium (200 -300 M, n ϭ 4). Thirteen neurons (6 EGFP ϩ and 7 EGFP Ϫ ) were investigated in this study. The results showed that bath application of nickel (Fig. 4A) , -conotoxin GVIA (Fig. 4B) , -agatoxin IVA (Fig. 4C) , and cadmium ( Fig. 4D ) could induce a small reduction in TDR-PIC (ϳ18% by nickel, P ϭ 0.06; ϳ22% by -conotoxin GVIA, P ϭ 0.08; ϳ8% by -agatoxin IVA, P ϭ 0.3; and ϳ12% by cadmium, P ϭ 0.2), but no substantial change (Ͻ2 mV) was observed in onset of TDR-PIC. The persistence of TDR-PIC with blockers of T-, N-, P/Q-, and R-type calcium channels suggested that TDR-PIC was not mediated by any of these voltage-gated calcium channels.
Whereas blockade of calcium currents led to a small reduction of TDR-PIC, blockade of potassium currents would be expected to increase the TDR-PIC inversely. It was demonstrated in a recent study that the SK current was partially mediated by L-type calcium currents in rat spinal motoneurons. Apamin (0.15 M) significantly increased the Ca-PIC in these neurons (Li and Bennett 2007) . Although TEA and 4-AP were regularly administered in this study, the effect of apamin on TDR-PIC was never investigated. For this reason we recorded five neurons with bath application of 0.1 and 0.2 M apamin. Our results showed that apamin had little effect on TDR-PIC (Fig. 4E1) . Statistical results further indicated that apamin-induced changes in TDR-PIC were Ͻ5% in amplitude (filled circles in Fig. 4E2 ) and 2 mV in onset (open circles in Fig. 4E2 ), and moreover, these changes were not statistically significant (P ϭ 0.3 for amplitude, P ϭ 0.6 for onset). These results suggested that the SK current gated by the L-type calcium channels was completely blocked by DHP (25-30 M).
TDR-PIC and TDR-I p Were Calcium Dependent
Although TDR-PIC were not mediated by calcium currents, they were calcium dependent. Removing calcium from recording solution resulted in a reduction of TDR-PIC (Fig. 4F1 ) and TDR-I p (Fig. 4F2) , accompanying a small depolarization of onset for TDR-PIC and V th for TDR-I p . Recovery could be partially obtained after 15-20 min of washout. Results from eight neurons (4 EGFP ϩ and 4 EGFP Ϫ ) recorded with zero calcium showed that removal of calcium from the recording solution significantly reduced TDR-PIC by 45% (from 92.6 Ϯ 83 to 50.5 Ϯ 57 pA, P ϭ 0.003, Fig. 4G1, left) and TDR-I p by Values are means Ϯ SD of parameters measured in PIC components (n ϭ 9). P values are from ANOVA single-factor test for V o , amplitude, and V p . 49% (from 73.7 Ϯ 89 to 37.7 Ϯ 69 pA, P ϭ 0.04, Fig. 4G2 , left) with small depolarization of onset (1.3 Ϯ 5 mV, P ϭ 0.25, Fig. 4G1 , right) and V th (2.0 Ϯ 3 mV, P ϭ 0.08, Fig. 4G2 , right). These results unveiled the calcium-dependent property of TDR-PIC. However, since TDR-PIC still persisted in zero calcium, it appeared to be partially dependent on calcium only.
TDR-PIC and TDR-I p Were Mediated by Sodium Current
The presence of TDR-PIC and TDR-I p in zero-calcium solution suggested that these currents could be mediated by other cations such as sodium ions. To test this hypothesis, we first reduced the sodium concentration to 27 mM in the recording solution (see MATERIALS AND METHODS). The low-sodium solution induced a large reduction of TDR-PIC (Fig. 5A1 ) and TDR-I P (Fig. 5A2 ) with depolarization of onset for the TDR-PIC (Fig. 5A1) and V th for TDR-I p (Fig. 5A3 ). Recovery could be partially obtained after 20 -30 min of washout (Fig. 5, A1 and A2). Results from five neurons (2 EGFP ϩ and 3 EGFP Ϫ ) indicated that lowering of sodium concentration (27 mM) significantly reduced TDR-PIC by 63% (from 87.1 Ϯ 41 to 31.8 Ϯ 8 pA, P ϭ 0.02, Fig. 5B1 , left) and TDR-I p by 44% (from 151.7 Ϯ 134 to 85.3 Ϯ 81 pA, P ϭ 0.03, Fig. 5B2 , left) 
, C1-C3).
These results suggested that the onset rather than the slope determined the induction of TDR-PIC. Note that the recordings were made with a 1-min interval between 2 successive ramps and 3-to 5-min intervals between 2 successive protocols (see MATERIALS AND METHODS). with small depolarization (Յ3 mV) of onset for PIC (from Ϫ32.0 Ϯ 5 to Ϫ29.0 Ϯ 6 mV, P ϭ 0.09, Fig. 5B1, right) and V th for TDR-I p (from Ϫ14.2 Ϯ 8 to Ϫ12.6 Ϯ 6 mV, P ϭ 0.1, Fig. 5B2, right) . Our experiments further demonstrated that removal of sodium from the recording solutions completely blocked TDR-PIC and TDR-I p . A typical example is shown in Fig. 5C , where the lowering of sodium to 27 mM largely reduced both TDR-PIC (Fig. 5C1) and TDR-I p (Fig. 5C2) by Reducing sodium concentration to 27 mM in the recording aCSF largely reduced the amplitude of TDR-PIC to 25.5 pA and that of TDR-I p to 68.5 pA (middle, A2). The low sodium also depolarized the onset of TDR-PIC by ϳ4 mV in this neuron. More than 80% recovery in TDR-PIC (from 25.5 to 105.7 pA) was obtained after 25-min washout. The maximum TDR-I p elicited in the last voltage steps increased to 132.2 pA, ϳ110% recovery from control (bottom, A2). The current-voltage (I-V) curves show the detail of changes in TDR-I p by low sodium and washout (A3). B: statistical results from 5 neurons recorded with low sodium are shown in B1 for TDR-PIC and in B2 for TDR-I p . The low sodium induced a significant reduction of TDR-PIC by 63% (left, B1) and of TDR-I p by 44% (left, B2) and produced a small depolarization (Յ3 mV) of onset (right, B1) and V th (right, B2). C: similar recordings were made from another neuron with low and zero sodium. The TDR-PIC and (maximum) TDR-I p were recorded as 30.8 (C1) and 95.6 pA (top, C2) in control (2 M TTX and 30 M nifedipine). Reducing sodium to 27 mM resulted in a reduction of TDR-PIC by 17.2 pA (C1) and of TDR-I p by 62.3 pA (middle, C2). Complete removal of sodium from the recording solution completely blocked TDR-PIC (C1) and TDR-I p (bottom, C2) in this neuron. Blockade of TDR-PIC and TDR-I p by zero sodium was observed in all 5 neurons tested. The low sodium did not alter the onset of TDR-PIC and kinetics of TDR-I p (C3). V mid and V c were Ϫ14.1 and 4.2 mV in control and Ϫ15.4 and 3.1 mV in low sodium, respectively. D: a full range of voltage steps from Ϫ70 to 70 mV (inset, D1) was applied to 10 neurons (3 EGFP ϩ and 7 EGFP Ϫ ) recorded with 2 M TTX and 25-30 M nifedipine to estimate the reversal potential for TDR-I p . One example is shown in D1 and D2, where the neuron was recorded with 2 M TTX and 30 M nifedipine. An I-V curve (D2) was established from the current traces in D1. The reversal potential was defined as the voltage at which the TDR-I p ϭ 0. The reversal potential of TDR-I p was estimated as 52.4 mV in this neuron. Statistical results from the 10 neurons are shown in a normalized I-V curve (D3), where the reversal potential of TDR-I p is estimated as 56.6 Ϯ 3 mV with extrapolation between 40 and 70 mV. more than 60% with little change in onset of TDR-PIC (Fig.  5C1) and V th of TDR-I p (Fig. 5C3) . A further reduction of sodium to zero completely removed the TDR-PIC and TDR-I p from this neuron. Five neurons (1 EGFP ϩ and 4 EGFP Ϫ ) were tested with zero sodium in this study. TDR-PIC and TDR-I p were blocked by zero sodium in all tested neurons, suggesting that they were mediated by sodium currents.
We estimated reversal potential of TDR-I p by applying a full range of voltage steps (from Ϫ70 to 70 mV) to the neurons recorded with 2 M TTX and 25-30 M nifedipine (Fig.  5D1) . We selected the neurons where the inward currents were well clamped throughout the recordings and established the I-V curves for TDR-I p . The reversal potential was defined as the voltage at which the TDR-I p was zero (dashed line in Fig. 5,  D2 and D3) . One example is shown in Fig. 5D , where the reversal potential for TDR-I p was estimated as 52.4 mV (Fig.  5D2) . Statistical results from 10 neurons (3 EGFP ϩ and 7 EGFP Ϫ ) showed that the reversal potential of TDR-I p was 56.6 Ϯ 3 mV (Fig. 5D3) , a normal reversal potential for sodium currents.
TDR-PIC Persisted With FFA
Although the calcium-dependent and sodium-mediated properties of TDR-PIC were discovered in our experiments, a question raised: was TDR-PIC mediated by the calcium-activated nonspecific cation channels (I CAN )? Since I CAN was first reported in cardiac cells in 1981 (Colquhoun et al. 1981) , this current has been discovered in various types of cells and species (Partridge et al. 1994) . I CAN was shown to play an essential role in producing plateau potentials in deep dorsal horn neurons of rat spinal cord (Morisset and Nagy 1999) . I CAN was also shown to be conducted by TRPM4 and TRPM5 channels (Crowder et al. 2007 ) and to underlie robust inspiratory drive potentials in the preBötzinger complex ). To test the difference between TDR-PIC and I CAN , we did some experiments with FFA, a specific antagonist of I CAN (Morisset and Nagy 1999; Pace et al. 2007; Partridge and Valenzuela 2000) . Our results showed that no substantial change was induced in TDR-PIC by bath application of 50 -100 M FFA (Fig. 6A1) . However, 200 -300 M FFA could significantly reduce the TDR-PIC with a little change in onset of TDR-PIC. Statistical results demonstrated a dose-dependent reduction of TDR-PIC (filled circles in Fig.  6A2 ). However, only a high concentration of FFA (200 -300 M) could significantly reduce the TDR-PIC by up to 37% (from 96.9 Ϯ 75 to 61.0 Ϯ 47 pA with 300 M FFA). Changes in onset were small (Ͻ3 mV, from Ϫ34.1 Ϯ 4 to 31.8 mV with 200 M FFA) and not significant (open circles in Fig. 6A2 ). These results suggested that TDR-PIC might contain a small portion of currents mediated by I CAN , but the dominant component (Ͼ60%) of TDR-PIC was independent of I CAN and persisted in a high concentration of FFA.
TDR-PIC Persisted in High Concentrations of BAPTA
One of the important properties of I CAN is its high sensitivity to cytoplasmic calcium for activation (Partridge et al. 1994) . A high concentration (10 mM) of intracellular calcium-chelating agent BAPTA could block I CAN in rodent CNS neurons (Morisset and Nagy 1999; Pace et al. 2007; Rekling and Feldman 1997) . To test this property in TDR-PIC, we made recordings with high concentrations of intracellular BAPTA (10 and 30 mM). Compared with the TDR-PICs recorded with 2 mM BAPTA, the high-concentration BAPTA indeed reduced the amplitude of TDR-PIC and depolarized the onset of the TDR-PIC in a time-dependent manner (Fig. 6, B1 and B2) . The negative effect of BAPTA on TDR-PIC could be observed within 2-3 min right after the neurons were patched. This effect saturated (no further reduction in the TDR-PIC) after 8 -15 min of recording. Two typical examples are shown in Fig. 6B , where both 10 mM (Fig. 6B1) and 30 mM (Fig. 6B2 ) intracellular BAPTA induced a substantial reduction of amplitude and depolarization of onset in TDR-PIC. Compared with TDR-PIC recorded with 2 mM BAPTA (n ϭ 39), 10 (n ϭ 7) and 30 mM (n ϭ 5) BAPTA significantly reduced TDR-PIC by 42 and 49% (Fig. 6B3, left) and depolarized onset by 4.5 Ϯ 4 and 7.7 Ϯ 5 mV, respectively (Fig. 6B3,  right) . Although the higher concentration of BAPTA (30 mM) appeared to produce a more negative effect on TDR-PIC, there was no significant difference between the effects of 10 and 30 mM BAPTA on the reduction of TDR-PIC and depolarization of onset (Fig. 6B3) . TDR-PIC persisted in high concentrations of intracellular BAPTA in all neurons tested in this study (n ϭ 12).
TDR-PIC and TDR-I p Persisted in High Concentrations of Riluzole
Riluzole was synthesized in the 1980s for treatment of amyotrophic lateral sclerosis, a motoneuron disease (Bellingham 2011).This drug was later found to block sodium channels in frog nodes of Ranvier and cloned rat brain IIA sodium channel ␣-subunits expressed in Xenopus oocytes (Benoit and Escande 1991; Hebert et al. 1994) . In recent years riluzole has been widely used as a specific antagonist of persistent sodium currents (Urbani and Belluzzi 2000) in studies of respiratory and locomotor systems. It was shown that 10 M riluzole was enough to completely block the Na-PIC in spinal neurons (Kuo et al. 2005; Tazerart et al. 2008; Zhong et al. 2007 ). Although the Na-PIC had been removed from the TDR-PIC by regular application of TTX in this study, the sensitivity of TDR-PIC to riluzole was never tested. Therefore, we investigated the pharmacological property of TDR-PIC with riluzole. Our results showed that the low concentration of riluzole (3 M) induced only a small reduction (Ͻ8%) of TDR-PIC with almost unchanged activation voltages for TDR-PIC (Fig. 7A1) and TDR-I p (Fig. 7, A2 and A3) . However, the low concentration of riluzole could substantially (P Ͻ 0.05) reduce the amplitude of TDR-I p by ϳ41% (from 182.1 Ϯ 205 to 106.7 Ϯ 102 pA, n ϭ 5) and the half-width of the TDR-I p by ϳ23% (from 255.4 Ϯ 100 to 195.1 Ϯ 17 ms, n ϭ 5). The high concentration of riluzole (10 -30 M) significantly reduced the amplitudes of TDR-PIC (Fig. 7B1 ) and TDR-I p (Fig. 7B2) , depolarized the onset of TDR-PIC and V th of I p , and decreased the half-width of TDR-I p (inset, Fig. 7B2 ). Statistical analysis indicated that the riluzole-induced reduction of TDR-PIC and TDR-I p was dose dependent and could be as high as 60% in TDR-PIC (from 155.5 Ϯ 181 to 62.6 Ϯ 48 pA, P Ͻ 0.05, n ϭ 4; Fig. 7C1 ) and 57% in TDR-I p (from 210.8 Ϯ 121 to 89.3 Ϯ 87 pA, P Ͻ 0.03, n ϭ 5; dashed line in Fig. 7C1 ) with 30 M riluzole. On the other hand, the depolarization of activation voltage was small in both TDR-PIC (Յ4 mV) and TDR-I p (Յ5 mV), and no strong relationship was found between the concentration of riluzole and depolarization of the activation voltage (Fig. 7C2) . The high concentration of riluzole also reduced the half-width of TDR-I p by ϳ30% from 145.1 Ϯ 126 to 101.1 Ϯ 78 ms (P Ͻ 0.05, n ϭ 5), similar to the case in a low concentration of riluzole (inset, Fig. 7A3 ). On average (n ϭ 29), riluzole (3-30 M) reduced the TDR-PIC by 30% (P Ͻ 0.0005) and depolarized onset by 2.0 Ϯ 2 mV (P Ͻ 0.00005). These results demonstrated the dose-dependent reduction of TDR-PIC and the persistence of TDR-PIC in a high concentration of riluzole (30 M). These results also indicated that the effect of riluzole on TDR-PIC was more observable in channel (8 min), and the onset was depolarized by 6.2 mV from Ϫ29.3 to Ϫ23.1 mV during the 8-min recordings. TDR-PIC was reduced by ϳ30% in this neuron. The similar recordings were made from another neuron with 30 mM BAPTA in the recording pipette and in the presence of 2 M TTX and 30 M isradipine in the recording aCSF (B2). The time-dependent reduction of amplitude and a small depolarization of onset were also shown in this neuron. The amplitude was reduced by ϳ37% from 55.8 to 35.2 pA, and the onset was depolarized by 4.6 mV from Ϫ22.4 to Ϫ17.8 mV after 10-min recordings. Compared with TDR-PIC recorded with 2 mM BAPTA (control, n ϭ 39), 10 (n ϭ 7) and 30 mM (n ϭ 5) BAPTA significantly reduced TDR-PIC by 42 and 49% (from control 73.6 Ϯ 15 pA to 42.8 Ϯ 12 and 37.2 Ϯ 10 pA; left, B3) and depolarized onset by 4.5 Ϯ 4 and 7.7 Ϯ 5 mV (from control Ϫ30.8 Ϯ 11 mV to Ϫ26.3 Ϯ 3 and Ϫ23.1 Ϯ 3 mV; right, B3), respectively. No significant difference was found between the effects of 10 and 30 mM BAPTA on TDR-PIC. All recordings were made with 1-5 M TTX and 20 -30 M DHP. availability (amplitude) than the gating mechanism (voltage dependency).
TDR-PIC and TDR-I p Persisted in High Concentrations of TTX and DHP
We use "resistant" rather than "insensitive" to describe the sensitivity of TDR-PIC to TTX and DHP in this study. This rationale was based on the fact that TDR-PIC persisted in high concentrations of TTX (205 M) and DHP (100 M). Increasing the concentration of TTX and DHP generally resulted in a reduction of TDR-PIC (Fig. 8A1) and TDR-I p (Fig. 8A2) and a small depolarization of activation voltages. This reduction appeared to be dose dependent (Fig. 8A3) . However, the effects of TTX and DHP on TDR-PIC and TDR-I p were saturated in high concentrations (Fig. 8A3 ). Five neurons (3 EGFP ϩ and 2 EGFP Ϫ ) were tested for high concentration of TTX (202-205 M) and DHP (80 -100 M) in this study. TDR-PIC and TDR-I p persisted in all tested neurons. In low concentrations of TTX (1-5 M) and DHP (20 -50 M), the averaged TDR-PIC (n ϭ 5) were calculated as 81.2 Ϯ 38 pA with onset of Ϫ31.8 Ϯ 10 (shaded bars in Fig. 8B1) , and the mean TDR-I p (n ϭ 5) was measured as 35.7 Ϯ 10 pA with V th of Ϫ10.0 Ϯ 5 mV (shaded bars in Fig. 8B2 ). The high concentration of TTX and DHP reduced TDR-PIC by 55% (from 81.2 Ϯ 38 to 36.2 Ϯ 16 pA, P Ͻ 0.01, Fig. 8B1, left) and TDR-I p by 33% (from 35.7 Ϯ 10 to 24.0 Ϯ 10 pA, P Ͻ 0.05, Fig. 8B2 , left) and depolarized onset of TDR-PIC by 5.2 Ϯ 5 mV (from Ϫ31.8 Ϯ 10 to Ϫ26.6 Ϯ 6 mV, P Ͻ 0.05, Fig. 8B1, right) and V th of TDR-I p by 1.7 Ϯ 3 mV (from Ϫ10.0 Ϯ 5 to Ϫ8.3 Ϯ 3 mV, P ϭ 0.6, Fig. 8B2, right) . These results demonstrated that TDR-PIC and TDR-I p persisted in high concentrations of TTX and DHP in spinal neurons.
Morphology and Distribution of Neurons Expressing TDR-PIC and TDR-I p
We labeled the all neurons expressing TDR-PIC and TDR-I p with intracellular Lucifer yellow in this study (see MATERIALS AND METHODS). Images were used to study the morphology and distribution of these neurons. TDR-PIC and TDR-I p were expressed in spinal neurons crossing laminae I-X (Fig. 9A) . Most of these neurons (90%, n ϭ 34) had a soma of diameter 20 -40 m and 4 -7 dendritic stems with dendrites extending over 600 -1,200 m. Some of the neurons were found in boundary areas of two or three adjacent laminae (Fig. 9, A11 and A12). A few bipolar neurons (n ϭ 2) were found in the dorsal region (laminae I and II) with soma of 15-20 m (Fig.  9A1) . Some of the neurons (n ϭ 3) were commissural interneurons in laminae VIII (Fig. 9A7) and X (Fig. 9 A10) with axons crossing the midline and projecting to the contralateral side. Motoneuron candidates (n ϭ 2) were found in lamina IX (Fig.  9A8) . These neurons had a large size of soma (40 -50 m) and more than five stem dendrites with axon branches extending out the spinal cord. Statistical results indicated that TDR-PIC was expressed in 80.2% of the recorded neurons (101/126) with 81% of EGFP ϩ (38/47) and 84% of EGFP Ϫ neurons (37/44). Figure 9B is an illustration of the laminar distribution of 68 TDR-PIC neurons with 35 EGFP ϩ (filled circles) and 33 EGFP Ϫ (open circles). Details of the distribution are quantitatively described in Fig. 9C . There was no significant difference in expression of TDR-PIC and TDR-I p between the EGFP ϩ and EGFP Ϫ neurons (P ϭ 0.6). These results suggested that TDR-PIC and TDR-I p were universal currents widely expressing in spinal neurons.
TDR-PIC and TDR-I p Were Expressed in Neonatal Rat Spinal Neurons
The highly expressed, widely distributed TDR-PIC and TDR-I p in spinal neurons of cfos-EGFP transgenic mice indicated that these currents might be universal currents in rodent spinal cord. To test this hypothesis, we did extra experiments with neonatal rats (P1-P5). As shown in Fig. 10 , our experiments confirmed the existence of TDR-PIC and TDR-I p in rat spinal neurons. Similar to the data presented in Fig. 1 , the composite PIC and transient inward current I T were recorded by the voltage-ramp (Fig. 10B ) and step protocols (Fig. 10A) , respectively, in rat spinal neurons. Bath application of TTX (1-5 M) and DHP (20 -30 M) removed the sodium and calcium components of PICs from the composite PIC and uncovered the TDR-I p from I T (Fig. 10A1, botttom) . TTX and DHP reduced the amplitude of composite PIC (ϳ67%, Fig. 10B ) and I T (ϳ70%, Fig. 10A2 ) and depolarized the onset of PIC (30.6 mV, Fig. 10B ) and V th of I T (35 mV, Fig. 10A2 ). The labeled cell showed the morphology and location of this neuron (Fig. 10C) . Statistical results from six neurons (1 in lamina VI, 3 in lamina VII, and 2 in lamina IX) recorded with 2 M TTX and 20-30 M DHP showed that TDR-PIC activated at Ϫ26.2 Ϯ 5 mV with an amplitude of 36.7 Ϯ 25 pA and peak voltage of 5.1 Ϯ 8 mV. Compared with TDR-PIC in mouse spinal neurons, the onset and peak voltage of rat TDR-PIC were consistent with those of mouse TDR-PIC (Table 1) , but the amplitude of rat TDR-PIC was about 54% smaller than that of mouse TDR-PIC. This difference might result from the limited samples (n ϭ 6) and/or difference in species or ages (P1-P15 for mice and P1-P5 for rat). In this study we demonstrated the TDR-PIC and TDR-I p in neonatal rat spinal neurons.
DISCUSSION
In this study we demonstrated novel inward currents that were resistant to TTX, DHP, and riluzole in rodent spinal neurons. These currents were voltage dependent, calcium activated, mediated by sodium ions, and widely distributed in Fig. 9 . Morphology and distribution of TDR-PIC neurons. Spinal neurons recorded in this study were all labeled with intracellular Lucifer yellow. The morphology and distribution of the neurons expressing TDR-PIC were further analyzed. A: 12 neurons were selected to represent the morphology of TDR-PIC neurons from laminae I to X (A1-A12). Bipolar neurons with soma of 15-20 m were found only in laminae I and II (A1). Neurons with soma of 20 -40 m and stems of 4 -7 primary dendrites were found in laminae I to X (A2-A10). Some neurons were located in boundaries of 2 (A1-A3 and A12) or 3 adjacent laminae (A11). Some neurons were motoneuron (MN) candidates in lamina IX (A8) with axons extending out the spinal cord, and some of them were commissural interneurons (CIN) in lamina VIII (A7) or X (A10) with axons projecting to the contralateral side. Calibration bars, 30 m. B: distribution of 68 TDR-PIC neurons (35 EGFP ϩ and 33 EGFP Ϫ ) is illustrated with Rexed laminae (filled circles for EGFP ϩ and open circles for EGFP Ϫ neurons). This illustration shows that TDR-PIC neurons are widely distributed from laminae I to X. Statistical results from 126 neurons indicated that TDR-PICs were expressed in 80.2% of the neurons (101/126) with no significant difference (P ϭ 0.4) in the distributions between EGFP ϩ (n ϭ 46) and EGFP Ϫ (n ϭ 55) neurons. C: distribution of TDR-PIC neurons from B is shown in detail with the number of the neurons in each lamina. Again, this quantitatively indicates that TDR-PIC neurons are widely distributed from laminae I to X in both EGFP ϩ and EGFP Ϫ neurons.
spinal neurons. A wide range of kinetic parameters suggested that the currents might be conducted by heterogeneous sodium channels in heterogeneous population of spinal neurons.
TDR-PIC vs. TDR-I p
In this study we measured the TDR inward currents by two different voltage protocols, the voltage-ramp and voltage-step protocols (see MATERIALS AND METHODS) . In the normal recording condition (i.e., aCSF without blocker), currents induced by these protocols are generally different in both ionic properties and kinetics. For instance, the composite PICs induced by voltage ramps are different from the transient sodium currents induced by voltage steps. In the present study, however, currents elicited by voltage ramp and voltage step would be more similar than different after regular application of TTX, DHP, TEA, 4-AP, and transmission blockers (in some cases, apamin, riluzole, FFA, and calcium channel blockers were applied). Figure 1A was a typical example to show the similarity between the TDR-PIC (Fig. 1A1 ) and TDR-I P (Fig. 1A2) . These two TDR inward currents were unveiled after blockade of Ca-PIC, Na-PIC, and transient sodium currents. The slowinactivating currents were shown in both of them. Similarities between the TDR-PIC and TDR-I P were also shown in the following observations. 1) Removal of calcium from the recording solution reduced (but did not block) both currents by a similar amount (45-50%) with unchanged activation voltages (Յ2 mV, Fig. 4, F and G) . 2) Lowering of sodium concentration reduced both currents by a similar amount (44 -63%) with little change (Յ3 mV) in activation voltages (Fig. 5, A and B) . Furthermore, complete removal of sodium from the recording solution completely blocked both TDR-PIC and TDR-I P (Fig.  5C ). 3) Riluzole reduced both TDR-PIC and TDR-I p by a similar amount (ϳ60% with 30 M riluzole) with a small change (Յ5 mV) in activation voltages (Fig. 7) . 4) Both TDR-PIC and TDR-I p persisted in high concentrations of TTX and DHP (Fig. 8) . However, since the voltage-ramp protocol highlights the slow-activating nature of the induced currents, whereas the voltage-step protocol highlights the transient nature of the induced currents, differences between the TDR-PIC and TDR-I p were shown in their biophysical parameters and kinetics ( Fig. 2 and Table 1 ). These differences implicated the different nature between these two currents. Therefore, we characterized the TDR-PIC and TDR-I p separately and described them as two different currents in this study. However, it is still possible that the TDR-PIC was generated by slowinactivating current from the TDR-I p .
TDR-I p vs. TTX-Resistant Sodium Channels
In the family of sodium channels, the TTX-resistant channels (TTX-R I Na ) include Na v 1.5, Na v 1.8, and Na v 1.9 (Catterall et al. 2005a; Goldin 2001) . Na v 1.5 is found to be expressed mostly in cardiac myocytes (Rogart et al. 1989 ) and skeletal muscle (Kallen et al. 1990 ), whereas Na v 1.8 (Akopian et al. 1996; Cummins and Waxman 1997; Djouhri et al. 2003; Roy and Narahashi 1992) and Na v 1.9 Fang et al. 2002; Roy and Narahashi 1992) are highly expressed in dorsal root ganglion neurons (for review, see Catterall 2000a; Gold 1999; Goldin 2001; Rush et al. 2007 ). To our knowledge, none of these channels is found in rodent spinal neurons. Although these channels are TTX resistant, their sensitivity to TTX varies with cell type and channel subfamily (IC 50 ϭ 1-3 M for Na v 1.5, 60 -100 M for Na v 1.8,; and 40 M for Na v 1.9). They are also different in kinetics, with fast inactivation observed in Na v 1.5 (ϳ1 ms), slow inactivation in Na v 1.8 (5.6 -13.5 ms), and noninactivation in Na v 1.9 (16 -843 ms) (Catterall 2000a; Gold 1999) . TDR-I p is more different than Nimodipine (25 M) and TTX (2 M) unveiled the TDR-PIC from composite PIC and Ca-PICs in this neuron. The amplitude and onset of the TDR-PIC were measured as Ϫ60.5 pA and Ϫ25.7 mV, respectively. C: this neuron was labeled with intracellular Lucifer yellow during the recordings. The labeled slice shows that it was located in lamina IX and had a soma of ϳ50 m with more than 4 stem dendrites spreading out over 700 m to the ventral areas. Some branches (possibly axons) extended out the spinal cord. The neuronal morphology and laminar location suggest that this neuron could be a motoneuron candidate. These data demonstrate TDR-PIC and TDR-I p in neonatal rat spinal neurons. similar to any of these channels. The most overt differences were shown in the time constants of activation and inactivation. The activation of TDR-I p (5.2 Ϯ 2 ms) was about two times slower than that of Na v 1.5 (ϳ2.5 ms), Na v 1.8 (ϳ1 ms), and Na v 1.9 (ϳ3 ms), whereas the inactivation of TDR-I p (13.8 Ϯ 0.4 s) was 100 -1,000 times slower than that of Na v 1.5 (ϳ1 ms), Na v 1.8 (13.5 ms), and Na v 1.9 (16 -843 ms) . Differences between TDR-I p and the TTX-R I Na were also observed in voltage dependency and sensitivity to TTX. Both activation and inactivation of TDR-I p were shown to be 15-20 mV more depolarized than those of Na v 1.5 and Na v 1.9 but 10 -15 mV more hyperpolarized than those of Na v 1.8. The sensitivity of TDR-I p to TTX (IC 50 Ͼ 100 M) appeared to be similar to that of Na v 1.8 (IC 50 ϭ 100 M) but 2.5-33 times higher than that of Na v 1.5 (IC 50 ϭ 3 M) and Na v 1.9 (IC 50 ϭ 40 M).
We have shown in Fig. 2 that the parameters of TDR-I p are widely distributed with membrane potential and time course (Fig. 2, D and E) . These variations of TDR-I p in kinetics suggested that these currents might be mediated by heterogeneous sodium channels in heterogeneous population of spinal neurons. In fact, variations in voltage dependency and time constants were also observed in Na v 1.5 (Li et al. 2002; Mantegazza et al. 2001; Sheets and Hanck 1999) , Na v 1.8 (Cummins and Waxman 1997; Sleeper et al. 2000) , and Na v 1.9 Herzog et al. 2001; Sleeper et al. 2000) . We summarized these data in Table 4 for an easy comparison (see Catterall et al. 2005a and Goldin 2001 for details). Although similarities are shown between TDR-I p and TTX-R I Na in Table 4 , none of the TTX-R I Na (Na v 1.5, Na v 1.8, and Na v 1.9) can perfectly match TDR-I p in both kinetics and TTX sensitivity. These results suggest that TDR-I p might be mediated by novel TTX-resistant sodium channels rather than any of the TTX-R I Na .
We noticed that the TTX-insensitive sodium current was reported recently in rat pyramidal cells (Fricker et al. 2009 ). This current is similar to TDR-I p in half-maximal activation (Ϫ21 mV) and time constant of inactivation (1.4 s) but different from TDR-I p with ϳ10-mV hyperpolarization in halfmaximal inactivation (Ϫ36 mV) and ϳ20 times lower in resistance to TTX (10 M). However, the kinetics of this current generally fall into the relaxed boundaries of TDR-I p parameters (Fig. 2, D and E) , and its pharmacological properties are also similar to those of TDR-I P . In addition, this current was observed in pyramidal cells from animals lacking either the Na v 1.8 or Na v 1.9 subunit, consistent with the differences demonstrated between TDR I P and TTX-R I Na in this study. Therefore, it is possible that this current could belong to one of the heterogeneous populations of sodium channels that mediate TDR-I P . However, the details of kinetics of this current (time constant for activation, range of kinetic parameters, etc.) were not described in Fricker's study. The sensitivity of this current to riluzole and high concentrations (Ͼ10 M) of TTX and DHP (nifedipine) was not reported either. Therefore, the homogeneity or similarity of this current to TDR-I p could not be confirmed. More studies are required to address this issue.
TDR-PIC vs. I CAN
I CAN is characterized by some important features related to its calcium dependency and pharmacological properties. Activation of I CAN is dependent on cytoplasmic calcium rather than membrane potential. I CAN does not undergo voltage-or calciumdependent inactivation (Partridge et al. 1994) and is sensitive to the antagonist FFA and a high concentration (10 mM) of intracellular BAPTA (Morisset and Nagy 1999; Pace et al. 2007; Partridge and Valenzuela 2000; Rekling and Feldman 1997) . Considering these properties, we demonstrated in this study that TDR-PIC was different from I CAN in two aspects: 1) TDR-PIC persisted in high concentrations of FFA (300 M) and intracellular BAPTA (10 -30 mM, Fig. 6 ), suggesting that TDR-PIC was not mediated by I CAN ; and 2) TDR-PIC and TDR-I p were voltage-dependent currents with two state variables (activation and inactivation) of kinetics and a large time constant of inactivation ( Fig. 2 and Table 1 ). These unique properties of TDR-PIC and TDR-I p , plus their calcium-dependent, sodium-mediated ionic features, distinguish TDR-PIC and TDR-I p from I CAN and other nonspecific cation currents mediated by TRP channels (Clapham et al. 2001; Moran et al. 2004 ).
TDR-PIC and TDR-I p With Riluzole
TTX (1-5 M) was regularly administered in this study. This concentration was high enough to completely remove Na-PIC from TDR-PIC (Dai and Jordan 2010a) . However, the sensitivity of TDR-PIC and TDR-I p to riluzole had not yet been tested. This study, therefore, is the first to investigate the effect of riluzole on TDR-PIC and to explore the relationship between TDR-PIC and Na-PIC. Riluzole had a wide range of inhibitory effects on ionic channels, including inhibition of persistent sodium current (Na-PIC), fast sodium current (I T ), voltage-gated calcium current, and voltage-gated potassium current, etc. (Bellingham 2011) . Riluzole also potentiated calcium-dependent potassium (SK) current and glutamate transporters (Bellingham 2011) . Our results indicated that the riluzole-induced reduction of TDR-PIC was dose-dependent and could be as high as ϳ60% with 30 M riluzole, whereas only a small depolarization (Յ5 mV) was observed in both onset of TDR-PIC (Fig. 7C2) and V th of TDR-I p . Since blockade of the voltage-gated calcium currents and SK currents did not substantially change the TDR-PIC (Fig. 4, A-E) , the riluzole- induced reduction of TDR-PIC was unlikely to be produced by potentiating SK currents or inhibiting voltage-gated calcium currents. Our results suggested that riluzole might exert its effect on TDR-PIC more through reducing the channel availability than by altering the gating property. This hypothesis was supported by the evidence that riluzole reduced the halfwidth of TDR-I p by ϳ30% (inset, Fig. 7B2 ). Reduction of TDR-I p width could shorten the opening time of TDR-I p channels and lead to a reduction of inactivating currents (Hebert et al. 1994; Song et al. 1997) . The reduction of TDR-PIC by riluzole also implied that TTX and riluzole might not block the same type of persistent sodium currents.
TDR-PIC vs. Voltage-Gated Calcium Channels
With regular administration of 20 -30 M DHP, the Ca-PIC appeared to be completely removed from TDR-PIC, because the high concentrations of DHP (80 -100 M) did not substantially reduce TDR-PIC (Fig. 8) , and nor did the high concentration of cadmium (200 -300 M, Fig. 4D ). Although TDR-PIC could be reduced by blockers of other calcium channels (T-, N-, P/Q-, and R-type), the amount of reductions was small and not statistically significant. Because of limited samples, we did not quantitatively differentiate these calcium currents from TDR-PIC. However, the persistence of TDR-PIC with all calcium channel blockers suggested that this current was not conducted by any of the voltage-gated calcium channels we have known so far.
TDR-PIC Induced by Varying Duration and Slope of Voltage Ramp
Similar to composite PIC described in our recent study (Dai and Jordan 2010a) , three forms of TDR-PIC (ascending, descending, and single) were demonstrated in this study (Fig. 3) . Extending the duration of voltage bi-ramps from 10 to 20 and 40 s (i.e., reducing the slopes of the voltage ramps by 2-and 4-fold, respectively) did not substantially change the shape, amplitude, and onset of TDR-PIC (Fig. 3 and Table 3 ). These results suggested that induction of TDR-PIC was mainly determined by the onset voltage rather than the slope of the voltage ramps.
TDR-PIC With Development
TDR-PIC was demonstrated only in neonatal mice and rats in this study. Animals during these ages were functionally immature for weight-supported locomotor activity. Development-induced changes in conductances and biophysical properties of ion channels, for instance, sodium (Carlin et al. 2008; Gao and Ziskind-Conhaim 1998; Garcia et al. 1998; McCobb et al. 1990 ) and calcium channels (McCobb et al. 1989; Mynlieff and Beam 1992) , in spinal motoneurons have been reported by many studies. Therefore, it is possible that the expression of TDR-PIC in spinal neurons may change with the development of the animals. Because of limited sample size, these changes in TDR-PIC were not investigated in this study.
Space-Clamp Problem
The incomplete space clamp could lead to an incorrect calculation of TDR-PIC parameters. For this reason we carefully selected our data for measurement of TDR-PIC and TDR-I p in this study (see "Space-Clamp Issues" in MATERIALS AND METHODS). This data filtration reduced the effect of incomplete space clamp on our data analysis. However, as a voltagegated channel, TDR-PIC still could be distorted by unclamped currents as demonstrated in a previous study (Bar-Yehuda and Korngreen 2008) . In theory, all the values measured for TDR-PIC and TDR-I p in this study are approximate, but the actual effect of the incomplete space clamp on TDR-PIC was mainly shown as an overestimation of the amplitude and a fast rate (small V c ) of kinetics in the Boltzmann function. The onset (or activation) of TDR-PIC and the activation and inactivation of TDR-I p appeared to fall into the normal range in most (70%) of the neurons (see shaded bars in Fig. 2, D1 and E1, for detail) . These results were consistent with our previous observation in PICs and I T (Dai et al. 2009b; Dai and Jordan 2010a) and computer modeling data (unpublished) and ensured that the biophysical properties of TDR-PIC and TDR-I p described in this study (Table 1) were physiologically and statistically significant.
Origin of the TDR-PIC
It has been demonstrated in previous studies that the delayed inward currents or staircase inward currents can be generated by calcium conductances in dendrites where the membrane potential is clamped incompletely (Carlin et al. 2000b (Carlin et al. , 2009 . The delayed or staircase TDR-PIC was also observed in our experiments (not shown), suggesting that the TDR-PIC might be generated from the dendrites or an area that was electrotonically remote from the somatic recording electrode. On the other hand, however, our results also showed that the delayed or staircase TDR-PIC was observed in Ͻ10% of the recorded neurons (n ϭ 75). Most (90%) of the neurons did not have this form of TDR-PIC. These results implicated that most of the neurons recorded in this study were relatively well clamped in voltage for TDR-PIC recordings and that the TDR-PIC could be also generated from somatic area. However, no matter where the TDR-PIC was generated, the nature of this current would not be changed by its origin. The fact is that this voltage-gated sodium channel can be opened only if the membrane potential is depolarized over its threshold.
Issues With Drug Concentrations
Some agents were used as blockers at high concentration in this study. For examples, 10 M strychnine, 300 M FFA, and 30 M riluzole were administered. Strychnine had an inhibitory effect on nicotinic acetylcholine receptors including neuronal homomeric ␣7, ␣8, and ␣9 receptors at concentrations as low as 2 M. FFA Ͼ 100 M significantly affected gap junctions, calcium-dependent potassium channels, and chloride channels. Riluzole had a wide range of neural effects on ionic channels. To deal with these issues, we carefully chose the concentrations for FFA (50 -300 M) and riluzole (3-30 M). We analyzed the effects of low and high concentrations of these agents on TDR-PIC and demonstrated a dose-dependent reduction of TDR-PIC by these two agents (Figs. 6A and 7C) . Our results confirmed the effects of FFA and riluzole on TDR-PIC and demonstrated the persistence of TDR-PIC in these two agents. Also, we recorded TDR-PIC at a low concentration of strychnine (1 M). The data presented in Table 3 were all recorded by lowering concentration of strychnine from 10 to 1 M in the cocktail of synaptic transmission blockers (see MATERIALS AND METHODS) . No significant difference was found between the TDR-PICs recorded with 10 M (Table 1) and 1 M strychnine (Table 3 ; P ϭ 0.1, 0.4, and 0.4 for V o , amplitude, and V p , respectively; note that the t-tests were applied between the TDR-PICs recorded with the 10-s voltage bi-ramps, i.e., the first rows in Tables 1 and 3) .
Potential Functional Role for TDR-PIC
The functional role of TDR-PIC remains unknown. Although this current is high-voltage-activated PIC and accounts for a small portion of the composite PIC, it coexists with Caand Na-PICs. Activation of Ca-and/or Na-PIC could lead to an activation of the TDR-PIC. Therefore, the TDR-PIC could play a complement or additive functional role for Ca-and/or Na-PIC in spinal motor system. In addition, our recent data indicated that TDR-PIC could be enhanced by monoamines such as 5-HT and could induce membrane oscillation in mouse spinal neurons (not shown). Therefore, it could also play an assistant role in modulating the neuronal excitability or generating rhythmic activity. All these preliminary data suggest that the TDR-PIC may be potential currents to facilitate the spinal motor activities such as locomotion.
Conclusion
We have demonstrated novel TTX-resistant sodium channels in rodent spinal neurons. The wide expression of these currents with unique pharmacological and electrophysiological properties may allow them to play some functional roles in the spinal motor system.
